Background: We investigated longitudinal right ventricular (RV) function assessed using speckle-tracking strain echocardiography in patient with myocardial infarction (MI), and identified the contributing factors for RV dysfunction.
Introduction
Myocardial infarction (MI) is associated with compensatory mechanisms involving both the left and right ventricles, and, even if the right ventricle is initially spared, right ventricular (RV) structure and function can still be altered later on [1] . Importantly, RV function is a known predictor of cardiovascular morbidity and mortality in patients with LV dysfunction after MI [2] . However, since myocardial function and structure are chronically modulated by a complex interplay of multiple factors, such as hemodynamic load and neurohumoral stimulation, the mechanisms leading to RV dysfunction following MI are not completely investigated in the clinical setting [3, 4] . Furthermore, echocardiographic evaluation of RV function has been more challenging than that of left ventricle mainly because of the complex structure and asymmetrical shape of the right ventricle. The recent introduction of speckle-tracking echocardiography provides objective measures to quantify segmental and global ventricular function independently of angle of incidence, chamber translation, cardiac rotation, and ventricular size [5, 6] . Accordingly, we investigated longitudinal RV function assessed using speckletracking strain echocardiography in patient with old MI (OMI), and identified the contributing factors for RV dysfunction.
Patients and methods

Study population
We retrospectively reviewed the consecutive echocardiographic data between July 2005 and January 2009, and selected 71 patients with OMI (the OMI group: 67 ± 11 years) who underwent complete echocardiography including optimal RV-focused apical four-chamber images using Vivid 7 among various echocardiography ultrasound systems in our echo laboratory at Mie University Hospital, which were available for off-line analysis (GE-Vingmed Ultrasound AS, Horten, Norway). All patients had experienced MI for over 1month and were diagnosed with reference to their personal history, physical examinations, laboratory tests, electrocardiography, echocardiography, coronary angiography, and cardiac magnetic resonance imaging. Patients were excluded from the study if they had suboptimal images, atrial fibrillation, significant primary valvular heart disease, prosthetic valves, or a pacer wire in the right ventricle. To minimize the influence of confounding factors in the evaluation of RV function after MI in the LV myocardium, patients with a coexisting RV infarction were excluded in the present study. Patients who had been diagnosed with non-ischemic dilated cardiomyopathy before the onset of MI were also excluded in the present study. The diagnosis of RV infarction was defined by ST segment elevation >0.1 mV in lead V4R in the 12-lead electrocardiography examination. Non-existence of obvious RV infarction was confirmed by using cardiac MRI and coronary angiography in patients with silent OMI who did not undergo 12-lead electrocardiography examination at the onset of MI. We also studied 45 age-matched and gender-matched normal subjects (the Control group: 66 ± 11 years) who had no history of cardiopulmonary disease, and who had normal electrocardiographic results and normal echocardiographic results. The protocol was approved for use by the Human Studies Subcommittee of Mie University's Graduate School of Medicine.
Echocardiography
Arm-cuff blood pressure measurements were performed at the beginning of the echocardiographic study for all subjects [6] . Interventricular septal and LV posterior wall thickness, LV end-diastolic dimension, end-systolic dimension, and fractional shortening were assessed from the parasternal long axis view. LV volume indices and ejection fraction were assessed using biplane Simpson's rule. LV mass index was calculated on the basis of the area-length method [6] . The Doppler-derived stroke volume was normalized by body surface area. Ratio of peak early to late diastolic transmitral flow velocity (mitral E/A) and the deceleration time (DT) of E velocity was calculated using pulsed Doppler echocardiography [6, 7] . Averaged peak early diastolic mitral annular velocity (Ea) at the inferior-septal and LV lateral site was used as a marker of LV diastolic function. The E/Ea ratio was calculated as a Doppler parameter reflecting LV filling pressure [8] . The RV end-diastolic area (EDA) index, the end-systolic area (ESA) index, and the fractional area change (FAC) from the apical 4-chamber view were also measured [5] . Tricuspid annular plane systolic excursion (TAPSE) was measured for assessing longitudinal RV systolic function [9] . The RV myocardial performance index (MPI) was calculated as the sum of the isovolumic contraction time and isovolumic relaxation time divided by the ejection time [5, 9, 10] . Estimated peak systolic pulmonary artery pressure was calculated from the sum of the maximal pressure difference between the right ventricle and the right atrium, as calculated by the continuous-wave Doppler flow velocity, and the mean right atrial pressure, as estimated by the diameter of the inferior vena cava and its respiratory variation [9] . Pulmonary vascular resistance (PVR) was noninvasively estimated using echocardiography [11] . All echocardiographic measurements represent the average of 3 beats. Blood test including measurement of plasma brain natriuretic peptide (BNP) levels was performed within the 2 weeks prior to or after the echocardiography examination.
Speckle-tracking strain and displacement analysis
Speckle-tracking analysis was used to generate regional and global myocardial strain in both the left and right ventricles ( Figure 1 ). Longitudinal LV strain was assessed in the apical 4-chamber, 2-chamber, and long axis views, and radial and circumferential LV strains were assessed in the parasternal short-axis views at the mid-LV level. Longitudinal RV strain was assessed in the apical 4chamber view [12] . Average frame rate for the analysis was 64 ± 9 Hz. For speckle-tracking echocardiography assessment, routine B-mode gray scale images were analyzed using commercially available software (EchoPAC, GE Vingmed, Horton, Norway). Myocardial strain is expressed as the percent change from the original dimension at end-diastole, and myocardial thickening or lengthening was represented as a positive value, while myocardial thinning or shortening was represented as a negative value [5, 6] . The software automatically divided into 6 standard segments in the LV apical 4-chamber, 2-chamber, long-axis, mid-LV short-axis, and RV apical 4-chamber views, respectively ( Figure 1 ). Peak systolic strain (PSS) obtained from time-strain curves were defined as the indices of myocardial systolic contraction. Global RV PSS in the 6 segments was assessed, and the free wall RV PSS was obtained by averaging 3-site strain signals simultaneously (the basal RV lateral wall, the mid RV lateral wall, and the apical RV wall). Global LV radial PSS was obtained by averaging 6-site strain signals simultaneously [13] .
Clinical outcomes
After echocardiography assessments, patients were followed for 4.7 ± 2.3 years (median 5.3 years). The study end-point was heart failure hospitalization or cardiovascular death. The causes of death were determined by the attending doctors blinded to the group assignment.
Statistical analysis
The mean of each continuous variable was presented along with the standard deviation. Categorical variables were presented as percent frequencies. Between-group comparisons were assessed using analysis of variance for continuous variables and the Fisher exact test for categorical data. Bonferroni's correction was applied for multiple comparisons. Associations between RV PSS and independent variables were examined through Pearson's correlation coefficient and linear regression. Multivariate linear regression analyses were performed to examine the independent correlates between RV PSS and clinical, echocardiographic and laboratory parameters. The β-coefficients were standardized regression coefficients. Logarithmic transformation was performed to achieve approximate normal distribution for BNP. Intra-observer variability was determined by having one observer repeat the measurement of global RV PSS and free wall RV PSS d observer measure these variables in the same datasets. Intra-and inter-observer variability values were calculated as the absolute difference between the corresponding two measurements as a percentage of the mean. P values < 0.05 were considered statistically significant. Analyses were performed using SPSS for Windows, version 19 (SPSS, Inc, Chicago, IL).
Results
Clinical and echocardiographic characteristics
There were a total of 99 culprit territory vessels. Forty-six patients (65%) had one infarcted segment within a territory of the left anterior descending artery (n = 29), the left circumflex artery (n = 8), or the right coronary artery (n = 9), and 25 patients (35%) had more than one infarcted segments. The time interval from the first onset of MI was <1 year in 28% of patients, ≥1 year (range 1-35 years) in 39% of patients, and was unknown in 32% of patients mainly because of silent MI. Successful primary revascularization early in the course of AMI was achieved only in 27 patients and 27% of the all culprit coronary lesions responsible for MI, mainly due to high prevalence of patients with silent ischemia with multivessel disease. There were 26 vessels with residual total occlusion in the culprit lesion responsible for MI. Table 1 shows the clinical characteristics of the study groups. There were no statistical differences in height, body mass index, blood pressure, and heart rate between the Control and OMI group. Estimated glomerular filtration rate [14] was lower in the OMI group compared to the Control group. Plasma BNP levels were varied from 2 to 3000 pg/ml with median value of 162 pg/ml in the OMI group. Table 2 shows the left-sided echocardiographic data of the study subjects. The OMI group had thickened LV wall, large LV chamber size, greater LV mass index, and reduced LV ejection fraction compared with the Control group, indicating dilatational LV remodeling in patients with OMI. Although mitral E/A and DT of the E velocity were similar in the 2 groups, the OMI group had lower Ea and higher E/Ea compared with the Control group. Table 3 shows the right-sided echocardiographic data of the study subjects. Although RV area indices and FAC were similar in both groups, TAPSE was reduced and RV MPI was higher in the OMI group compared with the Control group. In the OMI group, 73% of patients had normal estimated peak systolic pulmonary artery pressure of less than 35 mmHg.
Strain measurements
Speckle tracking was possible in 100% of the 3480 attempted segments from the 116 echocardiographic studies with technically adequate images. Table 4 and Figure 2 show comparisons of LV and RV strains between the Control and OMI groups. All strain values in the left ventricle were significantly reduced in the OMI group compared with those in the Control group. Notably, both global and free wall RV PSS were significantly reduced in the OMI group compared with those in the Control group (global RV PSS: -18.3 ± 5.9* vs. -25.5 ± 4.2%, and free wall RV PSS: -22.1 ± 7.5* vs. -26.9 ± 5.0%, *p <0.05 vs. the Control group, Figure 2 ).
Determinants of RV strain
Successful primary revascularization was not statistically associated with global or free wall RV PSS. We assessed the potential impact of infarcted site and residual total occlusion in the culprit lesion responsible for MI on RV function. When patients were divided into two groups according to median value of the global RV PSS: -19.1%, patients with reduced global RV PSS (−13 ± 4%) had a higher prevalence of residual total occlusion in the culprit right coronary artery than those with preserved global RV PSS (−23 ± 3%) ( Table 5 ). There were 31 patients (44%) who received beta blockers. No statistically significant differences were observed in the values of global and free wall RV PSS between patients with and without betablocker therapy.
Since the time interval between the acute MI onset and the echocardiographic evaluation varied individually in the present study, we investigated the potential influence of the chronicity of MI on RV function. Patients <1 year after onset of MI had much more impaired global and free wall RV PSS than those ≥1 year after onset of MI among the 3 groups (global RV PSS: -21 ± 6% in patients <1 year, -17 ± 6*% in patients ≥1 year, and −18 ± 6% in patients with unknown duration, and free wall RV PSS: -25 ± 7% in patients <1 year, -20 ± 8*% in patients >1year, and −22 ± 7% in patients with unknown duration *p<0.05 vs. patients <1 year) although age, gender, log-transformed plasma BNP, and longitudinal LV PSS in the 4-chamber view were similar. Tables 6 and 7 show the univariate correlation coefficients for clinical characteristics and echocardiography variables with global and free wall RV PSS, and the results of the stepwise multivariate regression analyses in the OMI group. Both global and free wall RV PSS were associated with heart rate, plasma BNP levels, chronicity of MI, LV mass index, PVR, LV PSS, and infarcted territories and the presence of residual total occlusion. Multivariable linear regression analysis indicated that longitudinal LV PSS in the 4-chamber view, BNP ≥500 pg/ml, and residual total occlusion in the culprit right coronary artery were the independent determinants of global RV strain. Longitudinal LV PSS in the 4-chamber view, BNP ≥500 pg/ml, MI in the territory of the left circumflex artery were the independent determinants of free wall RV PSS. When patients were divided into 3 groups according to plasma BNP levels (BNP <100 pg/ml; n = 31, 100 ≤BNP <500 pg/ml; n = 24, and BNP ≥500 pg/ml; n = 16), only patients with BNP ≥500 pg/ml had a strong correlation between RV The patient with OMI in the all 3 coronary artery territories and high plasma BNP level (955 pg/ml) had severely reduced LV and RV strain ( Figures 4C and 5C , and Additional files 5 and 6: Movies for the LV and RV strain images, respectively). Notably, this patient had non-dilated RV, normal FAC, and normal estimated peak systolic pulmonary artery pressure of 25 mmHg.
Kaplan-Meier analysis
Kaplan-Meier event-free survival curves for the composite endpoint of heart failure hospitalization and cardiovascular death were constructed, and statistical differences between patients with preserved and reduced indices of RV function were assessed by the Log-rank test. During the follow-up periods, there were 6 events (17%) in patients with preserved global RV PSS above the median value, and 19 events (54%) in those with reduced global RV PSS. As shown in Figure 6 , patients with reduced global RV PSS and those with reduced free wall RV PSS had a higher risk for composite heart failure hospitalization and cardiovascular death whereas conventional indices of RV function including RV FAC and TAPSE did not reach statistical significance probably because of small sample size.
Inter-observer and intra-observer variability were 5.7 ± 4.4 and 3.6 ± 3.8% for global RV PSS and 5.4 ± 3.6 and 3.8 ± 3.7% for free wall RV PSS.
Discussion
The major findings of our study include the following: 1) longitudinal RV strain was reduced in patients with OMI in the absence of RV infarction, and 2) RV strain depends highly on longitudinal LV strain especially in patients with high plasma BNP levels. Although LV dysfunction is considered a major mechanism underlying the development of heart failure, several studies have shown the pivotal importance of RV function. Recently, several experimental and clinical studies have demonstrated that longitudinal function mainly reflects global RV systolic function [5, 15, 16] and is associated with patient outcome [17, 18] .
The mechanisms leading to RV dysfunction following MI in the LV myocardium are not completely clear [19] , but it is frequently assumed that LV failure causes pulmonary hypertension and increased RV afterload leading to RV remodeling and dysfunction. However, the results obtained in the present study suggest that post-infarction RV dysfunction is not solely governed by RV afterload. Optimal medication therapy including diuretics successfully prevented pulmonary hypertension, enlargement of the right ventricle and reduction of FAC in the majority of the study population. Nevertheless, both longitudinal RV strain and TAPSE were reduced in patients with OMI, as shown in Additional file 6: Movie. Toldo et al. assessed changes in LV and RV dimensions and function and their association with the presence and degree of pulmonary hypertension 1 week following experimental acute MI involving the LV free wall in 10 mice [20] . They found that RV FAC and TAPSE declined by 33% and 28% respectively; however, invasively measured RV systolic pressure was within the normal values and unchanged following acute MI. Therefore, they concluded that RV dysfunction develops independent of changes in RV afterload.
Infarction or ischemia of the RV and/or the septum are common in patients with MI and can also contribute to abnormal RV systolic function. Residual total occlusion in the right coronary artery was one of the independent contributors of reduced global RV PSS in the present study, indicating that residual ischemia in the right coronary artery may affect RV function. Contraction of the interventricular septum contributes to RV ejection [21] and efficient RV performance is determined by the proper functional activity of the free wall and the interventricular septum [22] ; therefore, RV functional deterioration may progress in part through infarcted myocardium in the septal segments that are partially supplied by the right coronary artery. The present study demonstrated that MI in the territory of the left circumflex artery negatively affects longitudinal free wall RV systolic function. The posterolateral branches of the left circumflex artery supply a portion of the posterior RV free wall in <10% of hearts [9] . Therefore, LV infarction in the territory of left circumflex artery may cause occult RV infarction. Nevertheless, our study demonstrated that systolic strain in the RV free wall segments reduced significantly and was independently associated with longitudinal LV function as assessed by using speckle-tracking strain echocardiography. Other potential mechanisms underlying RV free wall dysfunction include neurohumoral activation or inflammation [23] . We found that plasma BNP level is associated with longitudinal RV dysfunction. Interestingly, a strong correlation between LV and RV function was observed only in patients having plasma BNP levels above 500 pg/ml. BNP is synthesized predominantly in the left ventricle as a reaction to cardiac wall distension and stretching, and elevated plasma BNP level correlated directly with NYHA score, intra-ventricular pressure, pulmonary pressure, and prognosis [24] . Shah et al. reported that BNP levels >500 pg/ml at discharge was a stronger predictor of mortality in patients hospitalized with acute HF [25] . Vogelsang et al. demonstrated a negative correlation between RV systolic function and BNP levels in patients affected with postischemic cardiomyopathy [26] and suggested that circulating BNP might be synthesized in the right ventricle if the RV is exposed to excessive pressure and/or volume loading. However, in the present study, the majority of patients had normal RV size and normal peak systolic pulmonary artery pressure, indicating that the elevated BNP levels were primarily due to synthesized BNP in both infarct and non-infarct sites in the left ventricle. Therefore, our data indicates that process of RV myocardial dysfunction following MI may be governed by neurohormonal activation which causing ventricular remodeling [27] response to altered LV wall stress rather than increased RV afterload.
RV function provides strong prognostic information in patients with MI [2, 28] . Antoni et al. demonstrated that indices of RV function including RV strain were strong predictors of the composite end point all-cause mortality, reinfarction, and hospitalization for heart failure in patients with acute MI treated with primary percutaneous coronary intervention [28] . Similary, reduced RV strain is strongly associated with poor cardiovascular outcomes in patients with OMI in the present study although conventional indices of RV function including RV FAC and TAPSE did not reach statistical significance probably because of small sample size.
Study limitations
Limitations of this study include the small sample size and retrospective nature of data collection. For example, although no significant relationships between RV an LV longitudinal functions both in patients with BNP <100 pg/ ml and patient with 100 <BNP <500 pg/ml were observed, these results can be due to type 2 error. Furthermore, there was a heterogeneous distribution of RV function in our study population. Invasive pressure measurements were not used in this study. Therefore, peak systolic pulmonary artery pressure and PVR estimated by using Doppler echocardiography were recruited as markers of the severity of RV pressure overload. However, Dopplerderived estimations of these hemodynamic indices are widely recognized to work well with simultaneous catheterderived measurements and are widely used clinically. Quantitative assessment of myocardial infarction size was not involved in the present study. Although we assessed the potential impact of residual total occlusion in the culprit lesion responsible for MI on RV function, the presence and severity of stress-induced myocardial ischemia was not evaluated in our study. Finally, three dimensional myocardial tracking in both the left and right ventricle would be warranted for the precise understanding of the pathophysiological mechanism responsible for RV functional impairments after MI.
Conclusion
Speckle-tracking echocardiography effectively quantified and characterized the RV systolic function and its association with the LV myocardial impairment in patients with OMI. Our data showed that longitudinal RV systolic strain depends highly on longitudinal LV systolic strain, especially in patients having high plasma BNP levels. These results may indicate that longitudinal RV dysfunction following MI does not owe fully to excessive afterload but also due to neurohormonal activation which causing ventricular remodeling response to altered LV wall stress. Application of speckle-tracking echocardiography to conventional measurements of ventricular function could provide a more thorough and quantitative pathophysiological characterization of functional RV adaptation following MI. 
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